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ABSTRACT
A set of computer programs were devised to perform Fermi p lot  
analys is  of beta spectra. These programs were w r i t t e n  in FORTRAN I I  
for  an IBM 1620 computer, and e a r l i e r  programs had been w r i t t e n  in 
SOAP I 1A for  an IBM 65O. The programs accept raw beta spectrum data. 
They execute a c a l ib r a t io n  of the spectrometer, correct  for  the h a l f -  
l i f e  of the isotope and subtract out background e f fe c ts .  An e x p l i c i t  
Fermi funct ion is computed for each datum po int ,  and in te rp o la t io n  from 
stored tables is unnecessary. The complex gamma funct ion,  contained  
in the Fermi funct ion, is computed to a high degree of accuracy by 
use of S t i r l i n g ' s  approximation or 3 Tay lor 's  expansion in polygamma 
c o e f f ic ie n ts .  Allowed or forbidden beta spectra can be analyzed by 
the Fermi p lo t  analys is  programs.
A surface b a r r ie r  type so l id  s ta te  detector was designed to be 
used as the e lec tron  detector  in a magnetic double-focusing spectro­
meter. The s o l id  s ta te  d e te c to r 's  propert ies  were invest igated and 
they were found to be well  suited for the spectrometer's detect ion  
element. Low gamma-ray s e n s i t i v i t y  a l le v ia t e d  background problems 
encountered with other detectors.  Z e o l i te  fore 1ine trapping was added 
to the vacuum system to provide a clean environment for  the sol id  
state  detector .  The z e o l i t e  trapping a lso provided an improved vacuum.
The beta spectrum of L a -140 was invest igated.  Six beta groups 
were found: 2-17 Mev, 1-5^ Mev, 1-3^ Mev, 1.21 Mev, 0.89 Mev and
O.5O Mev. The 2-17  Mev beta group Fermi p lo t  showed a d e f i n i t e  
shape in c ontrad ic t ion  to the resu lts  of some previous in ves t ig a to rs .
A Kotani form shape fa c to r  l in e a r ize d  the Fermi p lo t  which implies that  
the t r a n s i t io n  is a n o n s t a t i s t i c a 1, nonunique, f i r s t  forbidden t r a n s i t io n  
R ela t ive  in te n s i ty  and log f t -v a lu e s  were computed for each group. The 
remaining beta groups are assigned to s t a t i s t i c a l ,  nonunique, f i r s t  
forbidden t ra n s i t io n s  on the basis of  the f t - v a l u e  data. A decay 
scheme for La-11+0 is proposed.
CHAPTER I 
BETA-RAY SPECTRA ANALYSIS AND 
THE DECAY OF L a -140
A complete s p e c i f ic a t io n  of the states contained in a nucleus
which undergoes beta decay may involve experiments which measure the
e lec tron  h e l i c i t y ,  the angular d is t r ib u t io n s  of e lectrons and neutrinos
from polar ized  nu cle i ,  the d i re c t io n a l  c o r re la t io n s  between beta rays
and c i r c u la r  po lar ized  gamma rays, the d i r e c t io n a l  cor re la t io n s  between
neutr inos and c i r c u la r  po lar ized  gamma rays, the e le c t ro n -n e u t r in o
angular c o r re la t io n s  and the gamma-ray angular d is t r ib u t io n s  from
oriented nu cle i .  Sets from the above experiments may be unambiguously
1 2selected for  the required spe c i f ic a t io n s  o f  the states-  * Fermi 
plo t^  analys is  information, the m ult ipole  order of the gamma t r a n s i ­
t ions in the daughter nucleus, and known spin and p a r i t y  of states  
from molecular measurements w i l l  complement the information re su l t in g  
from a set of the p o la r i z a t io n  and c o r re la t io n  experiments. The complete 
s p e c i f ic a t io n  of nuclear states and an associated decay scheme may be
*K. Alder, "Summary on Experiments on the Beta Decay In t e r ­
a c t io n s ,"  Proceeding of the Rehovoth Conference on Nuclear S tructure ,  
ed. H. J. Lipkin (Amsterdam: North Holland Publishing Company, 1958)
pp. 1*4- +^15-
2
H. J. L ip l in ,  Beta Decay for Pedestrians (Amsterdam: North
Holland Publishing Company, 1962) pp. 13~3T*
o
Fermi p lo t ,  Kurie p lo t  and F-K ( Fermi-Kurie) p lo t  are widely  
employed as synonymous terms.
used to examine current  beta-decay theory, to compute the coupling  
constants and matr ix  elements in a beta in te ra c t io n ,  and to support 
nuclear model.
Fermi p lo t  analys is  y ie ld s  the endpoint energies o f  beta groups 
composing a beta spectrum, th e i r  r e l a t i v e  in te n s i t ie s  and the shape of 
th e i r  energy d is t r ib u t io n s -  From these measurements and the isotope's  
h a l f -  1 i f e  an f t - v a l u e ,  comparative h a l f - l i f e ,  is ca lcu lab le  for the bet 
t r a n s i t io n s .  A beta t r a n s i t i o n 's  order of forbiddenness may be in fe r r  
from e i th e r  i ts  spectra l  shape or i t s  f t - v a l u e ,  although i t  is not 
uniquely id e n t i f i e d  by these data. An order of forbiddenness is 
governed uniquely by the spin and p a r i t y  of i t s  i n i t i a l  and f i n a l  
sta tes ,  which should be consis tent  with  i t s  f t - v a l u e  and spectra l  
Shape measurements. Hence, Fermi p lo t  analysis  is a means by which 
decay schemes and the assignments of nuclear states may be determined.  
Fermi p lot  beta-spectrum analys is  has been programmed for  e le c t ro n ic  
d i g i t a l  computer systems and the technique has been employed to in ­
te rp re t  the beta decay of La-l*+0.
Six beta t ra n s i t io n s  have been reported in La-l*+0 by several
4 5 6groups of in ves t ig a to rs .  These beta t r a n s i t io n s  have been cor ­
re la ted  with the gamma-ray data, but no consistent  decay scheme has
L- A. Beach, C- L- Peacock and R. G- Wilkinson, Phys. Rev.
36, 16& ( 19*+9 ) -
s
C. L- Peacock, J. F. Quinn and A. W. Oser, J r . ,  Phys. Rev.
372 ( 195*0 -
^A. A. Bashilov, B- S. Dzhelepov and L. S. Cheruinskaya,  
Izvest .  Akad. Nauk SSSR, Ser. F iz .  .18, 88 (195*0-
7resu lted .  Table I summarizes the above data and e x h ib i ts  those
values chosen by the Nuclear  Data P r o je c t  group. Endpoint energ ies
for  vary by 110 kev; an amount which is g rea ter  than reasonable
l im i ts  of e r r o r .  Three of  the above groups of  in ve s t ig a to rs  have
appl ied  a l in e a r  f i t  to the Fermi p lo t  of gg, and Bashilov, Dzhelepov
and Chervinskaya point  out e x p l i c i t l y  that  the Fermi p lo t  is l in e a r
8 9above 1-62 Mev. I t  is now wel l  e s tab l ished  ’ that  the ground s ta te  
of La-190 is 3 - ,  and that  the 1.6  Mev leve l  in C e-190 i s a 2+ s ta te .  ^  
Hence, (3^  is a nonunique, f i r s t  forbidden t r a n s i t io n  charac te r ized  
by AJ = 1, yes, and i t  has a large f t - v a l u e .  I t  is true that  most 
nonunique f i r s t  forbidden t r a n s i t io n s  e x h i b i t  an allowed shape, but 
K o t a n i^  points out that  a nonunique f i r s t  forbidden t r a n s i t io n  having 
a large f t - v a l u e  may be expected to dev ia te  from the £ approximation.  
This d e v ia t io n  from the £ approximation should be a non-allowed beta  
spectrum which e x h ib i ts  a Kotani shape fa c to r ,  and Kotani has sug­
gested the L a -190 (3^  t r a n s i t io n  as a possib le  example. Langer and 
12Smith examined the L a - 190 t r a n s i t io n  and found that i t  did ex­
h i b i t  a shape of the form suggested by Kotani .  They report  2 .175  
Mev for  the endpoint energy of  p^, and they acknowledge the exis tence
7
Nuclear Data Sheets, Nat ional  Academy of Science-Nat ional  Re­
search Council (Washington; U.S. Government P r in t in g  O f f i c e ) .
^Beach, Phys. Rev. 76 , 1629 (1999).  
9
F. R. Peterson and H. A- Shugart, B u l l .  Am. Phys- Soc., Ser. ( I  
1 ,  393 ( I 9 6 0 ) .
^W. H. K e l ly  and M. L. Widenbeck, Phys. Rev. 102, I I 3O (1956) .  
^ T .  Kotani,  Phys. Rev. _1_19, 795 (1959) .
IP
L. M. Langer and D. R. Smith, Phys. Rev. 119, I 3O8 ( i 960).
hTABLE I 
The Beta Rays of L a -140
Beta Energy(Mev)
R e la t  i ve 
1 ntens i ty  
(per  c en t )
Log
f t - v a l u e Ref.
1 0 . 1+2 7
0 . 1+2 16 - 6
2 0 .83 12 7-1+ 7
O.83 12 - 5
0 .8 6 12 - 6
3 1. 10 26 7-5 7
1. 10 26 - 5
1- 15 20 - 6
i+ 1. 38-'- 1+5 7 .6 7
1-3*+ *+5 - 5
1.36 30 - 6
1-32 70 — 1+
5 1.71* 10 8 .6 7
I .6 7 10 - 5
1 .62 11+ - 6
I .6 7 20 - 1+
6 2 . 20* 7 9 -2 7
2 . 15 7 - 5
2 .2 0 8 - 6
2 .2 6 10 1+
Adopted Value
of  a t  1.68 Mev. No e f f o r t  was made by them to  a s c e r t a in  the e f f e c t s
on the data for the lower energy beta groups caused by the app l ic a t ion
of the Kotani shape fac to r  to p^.
Measured endpoint energies for have a l l  been 90 kev to 30 kev
less than the I . 7 I Mev endpoint required by the gamma-ray data. Also,
measured endpoint energies for  p  ^ have been lower by 60 kev to 20 kev
than the 1.38  Mev level  required for  consistency with gamma-ray data.
The remaining three beta groups reported cannot f i t  levels
determined by known gamma rays.
In an attempt to s o l i d i f y  the La-140 decay scheme and to remove
the beta spectra inconsistences mentioned above the La- l40  beta
spectra has been measured and c a r e f u l l y  analyzed with new e le c t ro n ic
d i g i t a l  computer techniques. A so l id  s ta te  detector  system was in -
13 14s t a l l e d  in the LSU double-focusing be ta -ray  spectrometer, which
resulted in operat ional  improvements over the s c i n t i l l a t i o n  detector
15system descr ibed by August and the G e ig e r -M u l le r  counter  d e te c to r
16system described by Naidenko. Use of a s o l id  s ta te  detector  system 
d ic ta te d  the necessity for a clean vacuum w ith in  the spectrometer to 
reduce any d e te r io r a t io n  of the detector  by organic pump o i l  vapors.
13JLeon S. August, "The Electron Spectra of 05-13*+ and B a - l3 l"  
(Ph. D. Oissertat ion,Dept, o f  Physics, Louisiana State U n iv e rs i ty ,  1957)-
14Carl W. Shinners, "The Electron Spectra of Ba-140 and La-140" 
(Master's Thesis, Dept of Physics, Louisiana State U n iv e rs i ty ,  I960) .
^August, Ph.D. D is s er ta t io n .
^Gregory N. Naidenko, "A L<*/ Energy Counter fo r  Use with  a 
Magnetic Spectrometer" (Master's Thesis, Dept, of Physics, Louisiana 
State U n iv e rs i ty ,  1962) .
6Addition of z e o l i t e  fo r e l in e  trapping produced the desired re s u l t .
An e le c t ro n ic  d i g i t a l  computer is we l l  suited to perform a 
Fermi p lo t  analysis  on b e ta -ray  spectra. I t  is possible to program 
a computer to perform a complete ana lysts ,  including c a l ib r a t io n  and 
h a l f - l i f e  c o r rec t io n ,  using the experimental observations as raw data,  
and i t  is necessary only for  the operator to specify  the region over 
which the beta ray is to be f i t t e d ,  and i ts  shape fa c to r .  Mathe­
matical  procedures involved in the analys is  consist e n t i r e l y  of w e l l -  
known forms predicted by theory except for  eva lua t ion  of the complex 
gamma function contained in the Fermi funct ion computation. Two 
methods for computing the complex gamma function are described. The 
range over which they may be appl ied is based on t h e i r  regions of 
strongest convergence. The r e p e t i t io n  of each process involved is 
required on each point fo r  every beta group analyzed. These types of 
r e p e t i t i v e  processes, invo lv ing complex mathematical manipulations,  
can be most e f f i c i e n t l y  performed by computers, thereby e l im in a t in g  
the tedious computations by the ana lys t .
Fermi p lo t  analys is  computer programs have been reported which
17 18employ techniques other than those developed herein. These
programs re ly  on in te rp o la t io n  from stored tables fo r  eva lua t ion  of 
the Fermi funct ion. A b i l i t y  to compute the Fermi funct ion e x p l i c i t l y
J *T
B. D. Pate, and D. J. S i l v e s te r ,  Programs fo r  IBM 6 l0  Com­
puter to Perform Kur ie Analys i s of Beta Spectra , U. S. Atomic Energy 
Commission report BNL-6 3 I (New York: Brookhaven National Laboratory,
I960).
18Werner Schneider and Torts ten Lindquist ,  Nuc. In s t ,  and 
Meth. 21 (1961).
7for any given energy enhances the accuracy of the a n a ly s is ,  e s p e c ia l ly  
in the near zero momentum region; this  is important in the r e la t i v e  
in te n s i ty  computation and for the removal of  low energy beta groups 
masked by several higher energy groups.
CHAPTER I I 
FERMI PLOT ANALYSIS PROGRAMS
Fermi p lo t  analysis  programs were w r i t t e n  o r i g i n a l l y  for  an IBM 
19650 computer. These were used to analyze the p a r t i a l  beta spectrum
of a Ba-lUO and La-1U0 parent-daughter  mixture and the beta spectrum 
21of Cs-137- The program set ,  consis t ing of a data conversion program 
and an analys is  program, were w r i t t e n  in SOAP I I A, the symbolic language 
for an IBM 65O, and they u t i l i z e d  f lo a t in g -p o in t  a r i th m e t ic  and indexing 
re g is te rs .  A cquis i t ion  o f  an IBM 16^0 necessitated the re w r i t in g  of  
the Fermi p lo t  analys is  programs, since an IBM 650 t r a n s la to r  or 
simulator was nonexistent for  the IBM 1620. FORTRAN was chosen as 
the programming medium since any programs w r i t te n  in FORTRAN would be 
upward compatible with  larger and competing computers. I t  is recognized 
that FORTRAN is uneconomical with respect to e f f i c i e n t  use of computer 
running time and storage space, but i t  did not appear advisable  to 
program in a symbolic language for a computer which might be replaced 
in the near fu ture .  The programs were i n i t i a l l y  w r i t t e n  for FORTRAN I 
compilers w i th  format, and smaller phases of the programs were checked 
out in the FORGO system. FORTRAN I I  and i ts  subprogram c a p a b i l i t i e s  have 
been u t i l i z e d  e x ten s iv e ly  since th e i r  in troduct ion ,  and the f i n a l
19
Roy A* Parker, Charles L. Peacock, Jr.  and Max Goodrich, Bul l .  
Am. Phys. Soc.,  Ser. I I  6 , 1+59 (1 9 6 l ) .
20Shinners, Master s Thesis.
21 Naidenko, Master 's  Thesis.
8
9programs were a l l  FORTRAN I I  type programs. A s u p e r f ic ia l  descr ip t ion  
of the programs is given, and a d e ta i le d  descr ip t ion  of the in terna l  
programming logic w i l l  be omitted.
The data conversion program for  magnetic spectrometer data per­
forms a c a l ib r a t io n  of the spectrometer, the subtract ion  of background, 
and i t  corrects for  the h a l f - l i f e  of the isotope. A flow diagram, 
including the input and output in formation, is shown in Fig. 1. C a l ib ra -  
t ion is performed by reading in a set of cards, c a l le d  the c a l ib r a t io n  
deck which contains the energy of e le c t ro n  conversion l ines chosen 
from the Nuclear Data Project  reports and t h e i r  corresponding Hel ipot  
s e t t in g ,  HP. The HP is a measure of the momentum in a r b i t r a r y  u n i ts ,  
because HP is p roport iona l  to the current  through the spectrometer.
This current  is p roport iona l  to the spectrometer f i e l d  strength w i th in  
s a t is f a c t o r y  l im i ts .  A conversion l ine  is converted to r e l a t i v i s t i c  
momentum p and a least  squares f i t  is performed on the p and HP 
coordinates. There is no p r a c t ic a l  l i m i t  to the number of cards that  
may be used in the c a l ib r a t io n  deck. Upon completion of the least  
squares f i t  the summary information which includes the number of points 
f i t t e d ,  the slope, in tercept  and variance of the l ine is typed. The 
isotope card contains the fo l low ing information re levant  to the data 
conversion program: h a l f - l i f e  o f  the isotope and the zero t ime-date
T0 - The isotope card a lso contains the atomic number 2 and the mass 
number A, which are u t i l i z e d  in the Fermi function computations. The 
h a l f - l i f e  is used to compute the decay constant X, where
X = In2/T  (2-1)
and X and T are then stored.  The zero t ime-date T is the instant  o o
10
ta &. Background 
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Figure 1 
Data Conversion Flow Chart
11
in time at which the e n t i r e  corrected spectrum is considered to be 
measured.
One to three types of  cards may be contained in the data deck, 
which fo l low the isotope card. The data cards, id e n t i f i e d  by DAT, 
contain the t o t a l  number of counts- N taken in time t a t  t ime-date T, 
and at  a Hel ipot s e t t in g  HP. Two types of background cards may be 
interspersed with the data cards- A time dependent background is 
id e n t i f i e d  by BKG, and i t  contains the information N, t ,  and T.
BKG type background is assumed to decay with the h a l f - l i f e  T and i t  
is corrected to Tq before subtract ion-  BKG background counting rate  
corrected for h a l f - l i f e  is def ined as
B = ? ex <T- To> . (a . s
O t
A time independent background card, id e n t i f i e d  by NOS, contains only 
N and t- The corresponding time independent background is denoted by
Background cards must preceed the set of data to which they apply, and 
a given set of values are appl ied to the data u n t i l  changed by sub­
sequent background cards. I n i t i a l l y ,  the background values are set 
to zero by the program. For each datum point a background corrected  
counting rate  a t  T is computed by
The HP value is converted to i ts  corresponding r e l a t i v i s t i c  momentum 
o and the counting ra te  per unit  momentum is computed for a magnetic
H -  N /t (2-3)
o (2 -4)
12
spectrometer by
N(p) = NQ/p . (2 -5)
Output of the data conversion program consists of the fo l low ing values
for each data card: HP, N, Nq, N(p) ,  p, and W, where W is the
< 2 ^  t \ l / 2  r e l a t i v i s t i c  energy (p + 1)
Output cards from the data conversion program are arranged in
descending order of energy and then fed through the Fermi function
program. The sole purpose of the Fermi function program is to compute
the modified Fermi funct ion and the Kurie fac tor  for each data card.
For a given beta ray the number of  t ra n s i t io n s  per u n i t  time per
atom in the momentum in te r v a l  p to p + dp is given by
2 o P
N (p) dp = - ^  P F(Z, W) (W -  W ) S (W)dp . (2- 6 )
2nJ
In eq. ( 2- 6 ) g is the beta in te ra c t io n  coupling constant, F(Z,W) is 
the Fermi funct ion,  Wq the endpoint energy of the beta ray and S is 
the shape fac tor  for forbidden spectra. The Kurie factor  w i l l  be 
defined as [ N ( p ) /p 2F] * ^ 2 and from Eq. (2- 6 )
2
[ N (p ) /p 2 F] l / 2  = [ - S j  Sn (W) ] 1/2 (W - «o) ■ (2 -7 )
2n
For allowed spectra S is independent of energy; thus [ N ( p ) /p 2F] ^ 2 
is l in e a r  with respect to W. The in tercept  on the energy axis  is
W .o
22The Fermi funct ion is given by Rose as:
22M. E. Rose, "Theory of Allowed Beta Decay," Beta-  and Gamma-  
Ray Spectroscopy, ed. Kai Siegbahn (Amsterdam: North Holland Publishing
Company, 1955K P- 280*
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F(Z, W) = 2(1 + y )  (2pR)2 (y _ 1) e ny  ^T & - + 1 J (2- 8 )
[r(2y + 1)1
whe re
y 2 = 1 -  ( a z )2 
2
a  = e /Jic Fine Structure  Constant
R = a  A * ^  Nuclear Radius 
Wy = az = .
Computation of F(Z,W) is s t ra igh t fo rw ard  except for evaluat ion  of the 
complex gamma funct ion,  and the s in g u la r i t y  a t  W = 1. To avoid the 
s in g u la r i t y  i t  is convenient to def ine  a modified Fermi function
G(Z,W), which w i l l  be shown to be f i n i t e  a t  W = I .  The modified
Fermi function is defined by
G(Z,W) = J  F(Z,W) (2-9)
Two methods have been used to compute the complex gamma function
T (x  + i y )'. S t i r l i n g ' s  approximat ion and T a y l o r ' s  expansion in polygamma
23c o e f f i c ie n t s .  Consider f i r s t  S t i r l i n g ' s  approximation :
f - l ) m_1B
In r ( Z )  = (Z -  b in  Z -  Z + £  In 2n + L -------------------- ^ T T  {2_10)
2 2 m -1 2m(2m-1 )Z
where
i 0 , .Z = x + i y = re = r (cosQ + i s in 9 )
2 2 2 r = x + y
9 = arctan x  x
B = Bernoull i  numberm
23 National Bureau of Standards, Table of the Gamma Func t i on for 
Complex Arguments. Applied Mathematics Series 3^ + (Washington: U.S. 
Government P r in t in g  O f f ic e ,  195*+) ■
Since for  any complex number z,  we have
In | Z I = In r , (2 -11)
i t  is necessary only for  us to consider the rea l  pa r t  of  ln r (Z ) .
Hence,
| lnT(Z)  | = ^{x  -  ~) In (x2 + y2 ) -  y0 -  x + ^  ln2n + E s  cosj 0 , (2 -12)c eL tt , mm=l
where j  ■ 2rr>— I and,
_ m____
ffi _ /« . \ 3 n* 1an (an -  1) r
I t  is known from the re a l  gamma funct ion  tha t  converges; thus i t
fo l lows tha t  Ss c o s j8 converges since s cosj0  s 5 for  a l l  m. Them J 3 m J m
convergence of  the summation is tested in the program by t runca t ing
when s c o s j0 + s , = s c o s j0 to the p re c is io n  of the computer, m j m
S t i r l i n g ' s  approximation is an asymptotic  expansion, th e re fo re ,  
i t s  accuracy increases w i th  la rger  arguments. A minimum value of  
x = 7 was employed to ob ta in  the desired accuracy, and then 
I lnT(Z)  | was computed using the gamma funct ion  recursion r e la t io n  
where
| ln r (Z )  | = |  ln r ( x  + n + iy )  | -  In (x + n -  1) ” * " ’ “ lnx. (2- 13)
I t  was required in Eq. (2 -13 )  tha t  x + n ^ 7- Higher values o f  the
stepping fa c to r  n would r e s u l t  in large t runca t ion  e r ro rs  and smaller  
values o f  n re su l ts  in a loss of accuracy due to a small argument in 
the asymptotic  expansion. Values o f  | lnT(x + iy )  | were computed 
to  an accuracy of  s ix  d i g i t s  fo r  ) lnT(x  + iy )  | 2 1 or to an accuracy
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of s ix  decimals fo r  | lnT(x + iy )  | < 1.
T a y lo r 's  expansion in polygamma c o e f f i c i e n t s  is given by
j lnr(x + iy )  | = E (-1)"1 (2-14)
m=0 ( a n ) d x
where the d e r iv a t iv e s  of  l n r ( x )  are the polygamma c o e f f i c i e n t s .  The 
polygamma c o e f f i c i e n t s  are,  in tu rn ,  asymptotic expansions, and these
rtC 26
have been programmed in conjunct ion w i th  ' k 'S work by Peacock.
T a y lo r ’ s polygamma c o e f f i c i e n t  expar.- . Eq. ( 2 -1 4 ) ,  is an a l t e r n a t i n g
ser ies  which converges r a p id ly  for  small y. Since, y 00 as p -* 0 
Eq. (2 -14 )  w i l l  not converge w i th  s u f f i c i e n t  r a p i d i t y  fo r  e f f i c i e n t  
computer manipulat ion above some value of y, say y . Conversely,  
S t i r l i n g ' s  approximation converges more ra p id ly  and is more accurate for  
increasing values of f r | -  (x^+ y^) Therefore ,  the polygamma
method was employed fo r  y < yQ and S t i r l i n g ' s  method was employed for  
y > yQ. An optimum value y^ = 1.5 was chosen e m p i r ic a l l y .  There is 
an overlap of the accuracy in the v i c i n i t y  of y -  1- 5 * th e re fo re ,  1.5  
is not a s e n s i t iv e  or c r i t i c a l  value. Assume a t y p ic a l  value Z = 68, 
then E = 30 kev for  y = 1. 5 * Hence, the polygamma method is a p p l ic a b le  
for  the e n t i r e  spectrum above 3  ^ kev, which is the approximate lower 
l i m i t  of  the de tec tor  used in the spectrometer. S t i r l i n g ' s  approximation
^ D .  G. E. M a r t in ,  Phys. Rev. 8 ]_, 280 (1951).
2*5Charles L. Peacock, Jr .  (Ph.O. D is s e r ta t io n ,  Dept, of  Physics,  
Louisiana State U n iv e r s i ty ,  to be completed).
26 Roy A. Parker,  Charles L. Peacock, Jr .  and Max Goodrich,
A Report on the Computer Act i vi t ies o f  the Beta-  and Gamma- Ray Spect ros 
copy Group a t  Lou i s i ana Sta te  Uni vers i tv .  P r iv a t e l y  C i r c u la te d  Report 
(Baton Rouge: Dept, of  Physics, Louisiana State  U n iv e r s i ty ,  1963) .
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becomes important  on ly  in the computation of  the f t - v a l u e  and in r e l a ­
t i v e  i n t e n s i t y  in te g ra t io n s  where a number of  po in ts  are  computed 
below 3O kev. In the Fermi func t ion  the polygamma c o e f f i c i e n t s  are  
funct ions  of x only ,  thereby making them energy independent terms.
The polygamma c o e f f i c i e n t s  may be computed as needed in the e v a lu a t io n  
of r ( y  + i y ) , and stored fo r  subsequent use. This procedure improves 
the e v a lu a t io n  speed for  r ( y  + iy )  g r e a t l y  over S t i r l i n g ' s  approximation,  
since i t  is on ly  necessary to m u l t i p l y  the a p p ro p r ia te  polygamma c o e f ­
f i c i e n t  by i t s  corresponding power o f  y.
As p 0 i t has been noted tha t  F(Z,W) is not w e l l  behaved, but the 
m odif ied  Fermi fu n c t io n  G(Z,W) was def ined  such that  i t  is a w e l l  
behaved fu n c t io n  near p = 0. Since a computer is incapable of making 
l i m i t i n g  approxim at ions,  a near zero  momentum expression for  G(Z,W) 
has been der ived .  For small  p, y becomes la rge ,  and the summation terms 
in S t i r l i n g ' s  approximation are  n e g l i g i b l e .  Near zero momentum we have 
y »  x , th e r e fo re
| lnr(Z) | yX l ^2 e y0 e X2* . (2 -15 )
But 9 = ~  fo r  y »  x; th e r e fo re ,
| lnr(Z) | - 2 ryX e e *  _ ( 2 - lb)
S u b s t i tu t in g  Eq. ( 2- 1 6 )  in to  Eq. (2 -8 )  and tak ing  y  - x ,  we have for
G(Z,W) = £  F(Z,W):
y 1-  -  G(Z,W) = + X) A & Z * L ^  l )  . (2_ l7 )
p -  0 l T ( 2 y  + 1 ) ]  2R e
Three approximations are  used to compute the modif ied  Fermi funct ion
17
and a p a r t i c u l a r  method is determined by the value of the imaginary  
argument. There is s u f f i c i e n t  over lapping of  the accuracy of the 
methods th a t  a smooth t r a n s i t i o n  r e s u l ts .  Computed values of G(Z,W) 
have been checked aga ins t  published tables  of Dismuke and Rose and 
they are in agreement a t  low Z, except a t  p = 0. There is a steady  
decrease to about - 0 . 1+ per cent  d i f f e r e n c e  compared to the programs 
values a t  high Z. At p = 0 and low Z the d i f fe r e n c e  is about - 0 . 1  
per cent and i t  increases to  the above - 0 , 1+ per cent d i f fe r e n c e  a t  high 
Z. These minor d i f fe r e n c e s  may be a t t r i b u t e d  to  d i f f e r e n t  d e f i n i t i o n s  
taken f o r  the nuclear  radius R and to  d i f f e r e n t  values of the phys ica l  
constants used throughout the program. The phys ica l  constants used in
pQ
the program were taken from Cohen. The computed values a ls o  compare
30 31fa v o ra b ly  to the o ther  publ ished ta b le s .
A s u p e r f i c i a l  f low diagram of the Fermi p lo t  a n a ly s is  program is 
presented in  F ig .  2- Input data to  the a na lys ts  program is composed 
of  N (p ) ,  G(Z,W), W, p, Z, A, shape fa c to r  parameters and two l i m i t  
p o in ts .  The atomic number Z and the mass number A are obta ined from
27 N. 01 smuke , et  ^ a_K , Fermi Funct i ons for  A1 lowed Beta Trans i t i o^s 
U-S. Atomic Energy Commission report  ORNL-l222(0ak Ridge N at iona l  
Laboratory ,  1952).
28M. E. Rose, C. L. Perry and N. M. Dismuke, Tab les for t he 
Ana lys i s of  A1lowed and Forb i dden Beta Trans i t i ons, U.S. Atom i c Ene rgy 
Commission repor t  ORNL-11+59 (Oak Ridge N at iona l  Laboratory ,  1953)-
29
E. R. Cohen, et  ^ a_l_. , Rev. Mod. Phys. 2J, 3^3 (1955)-
30 N at iona l  Bureau of Standards, Tables fo r  the Analys i s of Beta 
S p e c t ra . Appl ied Mathematics Ser ies  13 (Washington: U.S. Government
P r i n t i n g  O f f i c e ,  1954).
31A. H. Wapstra, G. J. N i jgh and P. van Lieshout,  Nuclear  
Spectroscopy Tables (Amsterdam: North Holland P ub l ish ing  Company,
1959).
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the Isotope card, p r e v io u s ly  descr ibed ,  which is read in t o  the computer 
preceeding the data deck. Shape f a c t o r  parameters and the two l i m i t  
points  are  read in on a s in g le  card ,  which a ls o  preceeds the data deck. 
For each datum po in t  i t s  m odi f ied  Fermi fu n c t io n  G(Z,W) has been computed 
by the Fermi fu n c t io n  computation program, and th is  value w i l l  be used 
throughout the re s t  of  the a n a ly s is .  The Kurie f a c to r  [N (p )  /pWGS] *^2 is 
computed fo r  each datum p o in t  between the l i m i t s  po in ts  Lj and L^, and 
a le a s t  squares f i t  of the Kurie f a c to r  aga ins t  W is performed between 
the l i m i t s .  A summary of the l e a s t  squares f i t  is recorded fo r  input  
i n to  the f t - v a l u e  and i n t e n s i t y  program, and the endpoint energy o f  the 
f i t t e d  beta ray is  determined.
I f  the endpoint  energy Wq is not equal to the endpoint energy  
assumed in the shape f a c to r  w i t h i n  prescr ibed  l i m i t s ,  then i t  is 
poss ib le  to  immediately  repeat the f i t  using the computed endpoint  
energy as the assumed endpoint in the shape f a c t o r .  This process 
may be continued u n t i l  a s e l f - c o n s is te n c y  between the computed endpoint  
energy and the assumed endpoint energy in the shape f a c t o r  is obta ined.
Assume the slope to the f i t t e d  beta ray is a and the in te r c e p t  
is b, and d e f in e  N’ (p ) fo r  W < L^:
N' (p) -  pWGS (aW + b ) 2 . (2 -18 )
Thus, N ' ( p )  is the count r a te  per u n i t  momentum c o n t r ib u te d  by the f i t t e d  
beta ray to the spectrum below the endpoint energy o f  the next inner  
group. The count ra te  per u n i t  momentum a t  energy W th a t  is due 
e n t i r e l y  to  the beta ray of the inner group is
N"(p) = N(p) -  N‘ (p) (2 -19 )
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The Kurie f a c to r  [N"(p)/pWGS] ^ 2 is computed, and i t  is punched out with  
W in f ix e d  po int  form for  a Fermi p l o t .  The output f i e l d  punched out  
for input data on the next pass Is NM(p ) ,  G(Z,W), p and W. At th is  
ju n c tu re  N"(p) is redef ined to be N (p) ,  and the above process is re ­
peated to remove the next lowest energy beta ray. The q u a n t i ty  
N"(p)/pWG(Wo-W) is a ls o  computed and punched out f o r  each beta ray.
Note tha t  th is  q u a n t i t y  is equal to the shape fa c to r  S(W), and i t  is 
usefu l  in making shape fa c to r  p lo ts ,  S(W) vs W for  the determ inat ion  of  
the shape fa c to r .
The decay constant A is def ined fo r  a llowed t r a n s i t io n s  by
Wo 2
x = /  dW = |  f <Z,W ) (2- 20)
1 Nt 2n
where is the number o f  atoms a t  time t ,  and
W
o o
f Q(Z,Wo) = /  pW(WQ -  W) F(Z,W)dW . (2 -21)
The q u a n t i ty  £ = | Mp | 2 + | | 2 is independent of  energy
fo r  allowed t r a n s i t io n s .  From Eq. (2 -20 )  i t  fo l lows that
X = IaJ2  = _s f f (z, w , (2. 22)
2n
where f  is the h a l f - l i f e  of  the t r a n s i t i o n ;  there fo re
V  -  2s¥ - £ •
9
For forbidden t r a n s i t io n s  the decay constant becomes 
WQ g Wq
X = = j  ptf(wo- w)2F (z ,w )s n (w,wQ)dw . (2- 2^)
1 " t  2«3 1
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Def i ne
(2-25)
Therefore
o
n
(2- 26)
Generally , an f t - v a l u e  is denoted in terms of  log f t ,  which is a more 
p r a c t ic a l  and widely  accepted qu an t i ty .  i t  is in fe r re d  from Eq. (2- 26) 
that  f t -v a lu e s  may be separated in to  groups corresponding to orders 
of forbiddeness n. Em pir ica l ly  th is  has been found to be true.  
C la s s i f ic a t io n  of f t -v a lu e s  according to forbiddeness, change in angu- 
la r  momentum and p a r i t y  is presented in reference works such as Wapstra.
I f  a decay consists o f  more than one t r a n s i t io n  then A in Eq. (2-20)  
is a p a r t i a l  decay constant A.,  corresponding to the i th  group.
Therefore,
A = E  A. = £  / ° ‘ dW
i 1 i 1 t (2-27)
I f  I .  is defined to be the in te n s i ty  of the i t h  group, then
W .
(2- 28)
Therefore,
A. I .1 1 = a . (2-29)
■^‘Trfaps t r a ,  Nuclear Spectroscopy Tables-
where Ot ^  is the r e l a t i v e  in t e n s i t y  of the i th group.
The f t - v a l u e  and in t e n s i t y  program computes the f  value and
Po
J N(p)dp using Simpson's ru le  fo r  numerical in te g ra t io n .  Input  
o
in formation fed to the programs conststs of the slope and in te rc e p t  from
the Fermi p lo t  of  the beta group, the shape parameters, and the panel
Po
width in energy u n i ts .  The in te g ra l  /  N(p)dp is a measure of  the
o
r e l a t i v e  in t e n s i t y  in a r b i t r a r y  u n i ts ,  and once the in te g ra ls  for  a l l  
the t r a n s i t io n s  have been evaluated,  the r e l a t i v e  in t e n s i t y  for  each 
is e a s i l y  ob ta inab le .  P a r t i a l  h a l f - l i v e s  are obtained by means of  
( 2- 3O) using the r e l a t i v e  in t e n s i t y  o f  the accepted h a l f - l i f e  
of the isotope. The f t - v a l u e  for  the t r a n s i t i o n  is then immediately
CHAPTER t I  I 
SOLID STATE DETECTOR SYSTEM
A s c i n t i l l a t i o n  de tec tor  and a th in  window Geiger-Mul ler  counter  
have prev iously  been employed as detectors in the LSU double focusing 
magnetic spectrometer. The s c i n t i l l a t i o n  detector  described by August 
was in s ta l le d  in l ie u  of developing a th in  window Geiger-Mul ler  counter,  
which was l a t e r  b u i l t  by Naidenko. A s c i n t i l l a t i o n  detector  suffers  
from operation of the p h o to m u lt ip l ie r  tube in the v i c i n i t y  of a varying  
magnetic f i e l d .  I t  was reported that  i t s  c u to f f  po int  was approximately  
30 kev, and that  below the neighborhood of 125 kev i ts  e f f ic ie n c y  
drops o f f  from 100 per cent.  These phenomena can be a t t r i b u t e d  to the 
aluminum window, which covers the p l a s t i c  phosphor, and the r e l a t i v e  
long length of lu c i t e  l ig h t  pipe, which removes the p h otom ult ip l ie r  
from the strongest  f i e l d  section. The s t a b i l i t y  of the high voltage  
power supply, l in e a r  a m p l i f i e r ,  p re a m p l i f ie r  and the d iscr im inator  
c i r c u i t  inf luences the minimum acceptable pulse height. Advantages 
of a s c i n t i l l a t i o n  de tec tor  include i ts  pulse speed, a major advantage 
i f  electron-gamma concidence measurements are contemplated, and i ts  
s im p l ic i t y  o f  operat ion.
Conversely, a Geiger-Mul ler  counter 's  operat ion is not a f fe c te d  
by a magnetic f i e l d ,  and i t  is possible to design Geiger-Mul ler  counters 
with very th in  windows for  extremely low energy c u to f f  which can 
operate with 100 per cent e f f i c ie n c y  above energies near the c u t o f f .
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Naidenko reported a c u t o f f  energy of  approximately 25 kev and complete 
detect ion  e f f i c ie n c y  for  his counter. The main disadvantages are the 
slow speed of  Geiger-Mul ler  counters, where coincidence measurements 
are concerned, and the cumbersome operat ing procedures associated  
with maintain ing a constant counting gas pressure.
Advances in s o l id  s ta te  detectors prompted an in v e s t ig a t io n  in to  
th e i r  a d a p t a b i l i t y  as an e le c t ro n  detector  in the double focusing  
spectrometer. A s o l id  s ta te  detector  combines the advantages of 
e le c t ro n  s c i n t i l l a t i o n  detectors and Geiger-Mul ler  counters while  
introducing minimum disadvantages. Magnetic f i e ld s  do not a f f e c t  the 
operation of a s o l id  s ta te  d e tec tor ,  and t h e i r  pulse speed is s l i g h t l y  
b e t te r  than a s c i n t i l l a t i o n  counter. One major advantage which they 
enjoy over s c i n t i l l a t i o n  detectors and Geiger-Mu1le r  counters is th e i r  
i n s e n s i t i v i t y  to gamma ra d ia t io n .  In a double focusing magnetic 
beta -ray  spectrometer the e le c t ro n  detector is in close proximity  to  
the source. Hence, the detec tor  is in a r e l a t i v e l y  strong gamma back­
ground r a d ia t io n  f i e l d ,  since most beta em it ters  produce a copious 
number of gamma rays. The transmission of a spectrometer reduces the 
number of events detected to a very small f r a c t io n  of the number pro­
duced in a given momentum in t e r v a l ,  the re fo re ,  i t  is advantageous 
to reduce d r a s t i c a l l y  the number of detectab le  energy independent 
gamma background events to obta in  s t a t i s t i c a l l y  r e l i a b l e  resu l ts .  Gamma 
i n s e n s i t i v i t y  is an inherent  property  of  a s o l id  s ta te  detector  due to 
the small a c t iv e  volume and the low absorpt ion cross section o f  gamma
ra d ia t io n  in s i l i c o n .  The a c t iv e  volume of  a s o l id  s ta te  detector  is
2
determined by the surface area, usual ly  of the order 1 to 100 mm ,
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and the dep le t io n  depth, g e n e ra l ly ,  severa l  hundred microns. Thus, 
gamma rays w i l l  experience an extremely  low number of  in te r a c t io n s  in 
th is  small volume of  s i l i c o n ,  and the e f f i c i e n c y  for  the d e te c t io n  of  
gamma r a d ia t io n  is n e g l ig i b ly  small.
An 0RTECJJ s o l id  s ta te  de tec to r  was designed to  s p e c i f ic a t io n s  
e s p e c ia l ly  for  the LSU double-focusing magnetic b e t a - ra y  spectrometer.  
This was a surface b a r r i e r  de tec tor  which was to have an a c t iv e  area of  
3mm x 20mm, a s p e c i f ie d  minimum d e te c ta b le  energy fo r  beta p a r t i c le s  
of 40 kev, and a 25 kev re s o lu t io n  fo r  beta p a r t i c l e s .  The detec tor  
had a beta re s o lu t io n  close to 18 kev, and i t  could achieve a 380 
micron d e p le t io n  depth which w i l l  t o t a l l y  absorb beta p a r t i c l e s  having 
energy less than 340 kev.
B a s ic a l ly ,  a surface b a r r i e r  s o l id  s ta te  de tec tor  may be viewed 
as a reverse biased diode. A th in  gold layer  is evaporated onto 
h igh ly  p u r i f i e d  n-type s i l i c o n  forming an np ju n c t io n  diode. I f  a 
p o s i t iv e  p o te n t i a l  is a p p l ie d  to the n-type layer w i th  respect to the 
p-type s i l i c o n  a dep le t ion  region ,  c h a ra c te r ize d  by the absence of  
f r e e  e lec trons  and holes, is formed, and the depth o f  th is  dep le t io n  
layer is d i r e c t l y  dependent on the p o te n t i a l  a p p l ie d .  Whenever an 
io n iz in g  event expends 3*5 ev of energy in the d e p le t io n  region one 
e le c t ro n  hole p a i r  is created .  The members o f  the p a i rs  separata ,  and 
they are  swept out o f  the d e p le t io n  region under the a c t io n  of  the 
e l e c t r i c  f i e l d .  The c o l l e c t i o n  of these c a r r i e r s  induces a charge in 
the e x te rn a l  c i r c u i t ,  which is manifested as a negat ive  pulse. Since
^ORTEC is the Oak Ridge Technical En te rpr ise  Corporat ion,  
P.O. Box 485/ Oak Ridge, Tennessee.
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voltage  is in verse ly  p ro p o r t io n a l  to capacitance for  a given charge 
the capacitance between the de tec tor  and the input s ta te  of the pre ­
a m p l i f i e r  must be held to a minimum fo r  an optimum s ign a l  to noise 
r a t i o .  As usual,  the prime cons idera t ion  in reducing s t ra y  capacitance  
is to  choose low capacitance cable and to employ short lengths of  
cable  between detec tor  and p r e a m p l i f i e r .
A charge s e n s i t iv e  p r e a m p l i f i e r  is commonly employed w i th  a s o l id  
s ta te  de tec tor  since w i th  th is  type of  detector  the output voltage  
becomes approximately  independent o f  detector  capacitance.
Consider an op era t io n a l  in te g ra to r  p r e a m p l i f i e r ,  Fig. 3> with gain  
G, Input voltage V. and output vo l tage  VQ. The feedback capacitance  
is C^, the de tec to r  capacitance is C^. Thus, the t o t a l  input capaci­
tance to the c i r c u i t  is
c t  = c o  ♦  c s <3 - >
Let Q, be the t o t a l  charge developed by the de tec tor  from an io n iz in g  
event. Part of  th is  charge Q appearing across
■^>Bias Voltage
Figure 3
Operat ional  In te g ra to r  P r e a m p l i f ie r  Schematic
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is denoted and the par t  remaining on the input capacitance is
denoted Q . . The voltage across Cf Is | V -  V. I therefore  i f  o i '
Qf -  cf  I V  V. | (3- 2 )
But by defi  ni t i on
V0 = -GV. , ( 3 - 3 )
there fo re ,
Qf  = c f  | - G V t -  V.  I = Cf V.  | G + 1 ! . ( 3 - 4 )
Also,
<1} = Ct v ,  . ( 3 - 5 )
Therefore, we have
C
Qf = Q( - ■  | G + 1 | . (3- 6 )
i
in p r a c t ic a l  a p p l ic a t io n s  and C. w i l l  not be g re a t ly  d i f f e r e n t  and 
the a m p l i f i e r  gain w i l l  be very large. Therefore, i t  w i l l  be reasonable 
to impose the condit ions
G »  1 (3- 7 )
and
GC, »  C. f  i
Hence, we conclude from Eq. (3"6) that
»  a, •
(3 -8)
(3 -9)
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The condit ion that  G is large leads us to the condit ion that
V »  V. o I (3-10)
Therefore,
(3-11)
(3-12)
This r e s u l t  shows that the output voltage of a charge sens i t ive  
p re a m p l i f ie r  is approximately independent of any v a r ia t io n  in the input  
capacitance. I t  is known that the detector  capacitance is subject  to
to n u l l i f y  th is  s e n s i t i v i t y  a charge s e n s i t iv e  p re a m p l i f ie r  appears a 
more lo g ic a l  choice over a voltage s e n s i t iv e  p re a m p l i f ie r .  Also, i t
t io n  is more s tab le  toward bias supply d r i f t s .
The present disadvantages to a so l id  s ta te  cetector  are mainly
e le c t ro n ic s .  B r i e f l y ,  a very stable  low noise bias supply is necessary.  
The bias supply need only provide a 200 v or 3^0 v output and the 
current  output requirements are not r e s t r i c t i v e .  A low noise charge 
s e n s i t iv e  p re a m p l i f ie r  is the main key to a s table  system. The s tray  
input capacitances should be held to a minimum as is the case with  most
P a r t i c le  D etec to rs ,"  Annua 1 Rev i ew of Nuclear Sc i ence, Vol. 12, ed. 
Emil io  Segre (Palo A l to ,  C a l i fo r n ia :  Annual Reviews, In c . ,  1962) p . 201.
3Uchanges in the ambient surface condit ions of the d e t e c t o r ,J therefore
is evident from the above discussion that  a charge se ns i t iv e  conf igura-
e le c t r o n ic ,  but they are no more formidable than s c i n t i l l a t i o n  counter
3*+G. L. M i l l e r ,  W. M. Gibson and P. F. Donovan, "Semiconductor
nuclear pulse spectrometry systems.
For charge p a r t i c l e  spectrometry a so l id  s ta te  detector  is near!^ 
ideal .  Ordinary so l id  s ta te  detectors achieve deplet ion  depths which 
t o t a l l y  absorb alpha p a r t ic le s  with energies up to d neighborhood of  
30 Hev and protons with  energies up to a neighborhood of 10 Mev. These 
embrace an energy range which include the grea tes t  regions of  nuclear  
spectroscopy in te r e s t .  Such I a dot the case for  beta p a r t i c le s ,  since 
a medium energy beta p a r t i c l e  w i l l  penetrate  a deplet ion of several  
hundred microns without being t o t a l l y  absorbed. Recent progress has 
been made In th is  area, and so l id  s ta te  de tec tors ,  mainly of the L i -  
d r i f t  v a r i e t y ,  are capable of performing be ta - ra y  spectroscopy up to  
3 Mev and g r e a t e r . ^
The detector  employed in a magnetic b e ta - ra y  spectrometer does not 
have to be an energy d isc r im in a t in g  device, a 1 though-such d iscr im in at ion  
does have d i s t i n c t  advantages. A modest priced detector was chosen 
to  te s t  the fe a s ib i l i t y  of  using a s o l id  s ta te  detector  In the LSU 
spectrometer. The s t a t i s f a c t o r y  result  obtained with  this  detector  
suggests that  the use of a L i -d r i  f t  detector  would be des irab le  and 
j u s t i f i e d .  As mentioned previously  the ORTEC detector  obtained had 
a de p le t ion  depth of 38O microns a t  125 v b ias. The maximum energy 
beta p a r t i c l e  tha t  could be absorbed is 3^0 kev a t  the maximum 125 v
■35
M i l l e r ,  Annual Review of Nuclear Science. Vol. 12, pp. 189*220.
F. P. Ziemba, e_t a_l., IRE Transactions on Nuclear Science 2>
213 (1962).
37J. L. Blankenship and C. J. Borkowski, IRE Transactions on 
Nuclear Science 2., 181 ( 1962) .
og
R. J. Fox and C. J. Borkowski, IRE Transactions on Nuclear  
Science 213 (1962).
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bias-
Monoenergetic beta p a r t ic le s  penetrat ing the so l id  s tate  detector  
with an energy less than the deplet ion depth are t o t a l l y  absorbed, 
and the resu l t ing  pulse height d is t r ib u t io n  is a single to ta l  absorption  
peak analogous to a s c i n t i l l a t i o n  detector photopeak without the 
accompanying Compton and scattered d is t r ib u t io n s .  Such a to ta l  
absorption peak is shown in Fig. 4 by the 200 kev l ine .  These data 
in Fig. 4 were taken with the ORTEC 3™™ x 20mm detector  in the LSU 
magnetic double-focusing spectrometer according to the arrangement 
shown in Fig. 5*
The detector is operated at 100 v bias through a Tennelec model
100A law noise p ream p l i f ie r  and a model 900 power supply designed
39s p e c i f i c a l l y  for so l id  state  detector operation. The l inear  a m p l i f i e r  
40i s an RCL AID and the mult ichannel analyzer is an RlDL model 3^“8 200 
41channel system. The multichannel analyzer is gated by the AID pulse 
height d iscr im inator  output. Note the absence of any peaks on the lower 
energy side of the 200 kev l ine in Fig. 4. This region shows a s l ig h t  
background level which is a t t r ib u te d  to edge e f fe c ts  and degraded 
electrons s cat te r ing  into the detector . No events are observed to the
39Tennelec is the Tennelec Instrument Company, 140 E. Div is ion  
Road, Oak Ridge, Tennessee.
40RCL is the Radiation Counter Laboratories, Inc . ,  5121 W.
Grove Street ,  Skokie, I l l i n o i s .
41 RIDL is the Radiat ion Instrument Development Laboratory,
Inc . ,  4^01 W. North Avenue, Melrose Park, I l l i n o i s -
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high energy side o f  the 200 kev l i n e .
Figure 4 shows a 1+00 kev monoenerget i c l i n e  obta ined by the above 
procedure. Note th a t  a t o t a l  absorpt ion  peak occurs a t  400 kev, but 
the v est iges  o f  a broad peak appear near channel 50. This broad peak 
w i l l  be c a l l e d  a minimum io n iz a t io n  peak. A 400 kev beta p a r t i c l e  
exceeds the d e p le t io n  depth o f  the d e te c to r ,  and some p a r t i c l e s  w i l l  
pe n e tra te  the d e p le t io n  region w i th  a minimum of  s c a t t e r in g .  These 
p a r t i c l e s  w i l l  depos i t  v a ry in g  amounts of  energy in the d e p le t io n  
region from the energy o f  the beta p a r t i c l e  to the minimum io n iz a t io n  
l in e  fo r  the d e te c to r  and p a r t i c l e .  The minimum io n iz a t io n  l in e  may 
be computed by
Si = > d <3->3)
t
where dE/dx is the s p e c i f i c  io n i z a t io n  o f  a beta  p a r t i c l e  o f  energy  
E in s i l i c o n  and d is the d e p le t io n  depth a t  the des ired  b ia s .  Since 
the 400 kev beta p a r t i c l e s  have j u s t  s l i g h t l y  g r e a te r  energy than the  
d e p le t io n  depth energy, the t o t a l  absorp t io n  peak s t i l l  predominates  
due to the high p r o b a b i l i t y  o f  in t e r n a l  e le c t r o n  s c a t t e r in g .
A 600 kev pulse he ight  d i s t r i b u t i o n  is a ls o  shown in Fig. 4.
The minimum io n iz a t io n  peak now predominates and the t o t a l  absorp t ion  
peak is secondary. At th is  energy there  is less p r o b a b i l i t y  fo r  e le c t r o n  
s c a t t e r in g  and less energy is deposited in the d e p le t io n  region. A 
t o t a l  a bsorp t ion  peak is s t i l l  e v ide n t  which demonstrates th a t  there  is 
some in t e r n a l  s c a t t e r in g  o f  e le c t r o n s ,  but most of  the e le c t r o n s  pen­
e t r a t e  w i thout  d e p o s i t in g  a l l  t h e i r  energy. S im i la r  r e s u l ts  showing 
the p r o p e r t ie s  o f  minimum io n iz a t io n  peaks have been obta ined by
31*
t+2
McKenzie and Ewan. For the 600 kev e lec trons  the minimum io n iz a t io n  
l i n e  peaks In the neighborhood of channel 35* lower than channel 50 
for  the 400 kev e le c t ro n s ,  which i l l u s t r a t e s  the sharp decrease in the 
s p e c i f ic  io n iz a t io n  of e lec trons  in that  region. The s p e c i f ic  io n iz a ­
t io n  curve for e lec trons  reaches a minimum a t  approximately  1 Mev
43a f t e r  a very sharp decrease and then i t  resumes a slow climb.
Figure 6 compares a 50 ^ev e le c t ro n  t o t a l  absorpt ion peak to a 
1.0  Mev e le c t ro n  minimum io n iz a t io n  peak. Since the s p e c i f ic  io n iz a ­
t ion  w i l l  increase fo r  e le c t ro ns  wi th  energies both g re a te r  than and 
less than 1 Mev the ORTEC 3™1 x 20mm detector  opera t ing  a t  100 v bias  
w i l l  never e x h i b i t  a minimum io n iz a t io n  peak a t  an energy less than 
100 kev as shown in Fig. 6. A d i s t i n c t  v a l l e y  is observed between 
the 50 kev t o t a l  absorpt ion peak and the noise. Id e a l l y  th is  is 
where the d is c r im in a to r  is set .  For the condit ions i l l u s t r a t e d  a l l  
beta p a r t i c l e s  w i th  energies greater  than 40 kev would be detected  
w ith  absolute e f f i c i e n c y .  Cruc ia l  adjustment of de tec tor  b ias ,  
shortening of  s ignal  cable length and c l ip p in g  time adjustment in the 
AID have resu lted  in d e te c t in g  beta p a r t i c le s  down to 25 kev. I t  is 
extremely  easy to adjust  the pulse height d is c r im in a to r  on the AID 
by gat ing the mult ichannel ana lyzer  on the AID d is c r im in a to r  output  
pulse and observing the channels which cut o f f  on t he ana lyzer  d isp lay .  
This pulse height  d is c r im in a to r  pulse should a lso  be used as the counter  
input pulse, shown in Fig. 5* instead of the AID a m p l i f i e r  output
42 J. M. McKenzie and G. T. Ewan, IRE Transact ions on Nuclear 
Science 8 ,^ 50 (1961).
43 S. A. K o r f f ,  E lectron  and Nuc lear  Counters (2d e d . ; New York: 
0. Van Nostrand Company, In c . ,  1955) P*
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pulse.
Background was found to be extremely low, as expected, for the s o l id  
s ta te  detector  system. A very a c t iv e  La-1^0 source, approximately  
0-5  mC, as placed a t  the normal source po s i t ion  w i th in  the spectro­
meter and background readings were taken a t  zero f i e l d ,  f i e l d  set t ings  
above those necessary to focus the highest beta rays and a t  f i e ld s  
opposite in sign to those necessary to focus e lec trons .  Background 
readings were a lso  recorded with  e le c t ro n  focusing f i e l d  s e t t in g  and 
with  an aluminum beta stopper a t  the center  b a f f l e  po s i t io n .  These 
data showed the background to be independent of the f i e l d  and removing 
the source demonstrated that  the background was due la rge ly  to the 
emit ted gamma rays. The region between the source and the detector  was 
f i l l e d  with  lead including the c y l i n d r i c a l  opening which was designed 
for the r o ta t in g  c o i l  system. Under these conditions w i th  the O.5 mC 
La-lUO source a background of approximately O.U counts/sec was reg is tered  
based on ^096 t o t a l  counts. Background with  the source removed was 
deemed n e g l ig ib le .
The d e l ic a te  nature of the gold surface and the np ju nc t ion  implies  
that the s o l id  s ta te  detector should be kept f ree  of contaminants. I t  
is recommended that the detector  surface should never be touched and 
for that reason dust f ree  surroundings are e s s e n t ia l .  I t  is a lso  
assumed that chemical vapors have a de tr im enta l  e f f e c t  on the detec tor ,  
and there is strong evidence to indicate  that  organic vapors, such as 
forepump or d i f fu s io n  pump o i l ,  a f f e c t  reso lu t io n ,  noise and breakdown 
voltage .  A detector  for the spectrometer must operate w i th in  a vacuum 
exposed to forepump o i l  vapor, and a z e o l i t e  absorption trap was
37
employed for  reasons of convenience. Z e o l i te  is a popularized name 
for  a group of  molecular sieves in the form of mono-aluminum s i l i c a t e s  
which gained prominence as water softeners.
I t  was discovered that these z e o l i t e s  have an extremely strong 
a f f i n i t y  for water vapor and o i l  vapor which are major const ituents  
w ith in  a laboratory vacuum. A z e o l i t e  trap backed by roughing pumps 
or a d i f fu s io n  pump was found to lower the pressure w i th in  a given sys­
tem. When cooled to l iq u id  ni trogen temperatures the z e o l i t e  could 
funct ion e f f i c i e n t l y  as an absorpt ion pump which could a ls o  be used as 
a back-up system for  an ion pump. Studies showed that the absorpt ion  
propert ies  of the m a te r ia l  declined with the amount absorbed, but 
these propert ies  could be restored by heating and purging with a i r .
A p i l o t  system was devised to determine the f e a s i b i l i t y  of using 
a z e o l i t e ,  Linde 13X, as an absorpt ion trap on a forepump vacuum 
system. The p i l o t  assembly consisted s o le ly  of a forepump, vacuum 
thermocouple gauge, a glass U-tube contain ing a small amount of Linde 
13X and an io n iza t io n  gauge connected to the U-tube by a short stub 
of rubber tubing. The glass U-tube was wrapped with a heating tape 
whose temperature was c on tro l le d  by a v a r ia b le  transformer, and a 
thermocouple probe was inserted between the tape and glass tube for  
temperature ind ica t ions.  A pressure of  approximately 10 microns could 
be achieved in th is  system by the forepump alone, but a f t e r  the z e o l i t e  
was heated and allowed to cool a pressure of approximately 7 x 10 ^ mm Hg 
was indicated by the io n iza t io n  gauge. A 10 micron pressure would s t i l l
kk Linde 13X is manufactured by the Linde Company, D iv is ion  of Union 
Carbide Corporat ion, 270 Park Avenue, New York 17, New York.
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be indicated on the forepump side o f  the U-tube.
These resu l ts  were most encouraging and the pressure drop across 
the U-tube demonstrated the a b i l i t y  o f  the z e o l i t e  to achieve a r e l a ­
t ively  c lean system. A larger  absorption trap was designed a f t e r  the 
k5work of Biondi,  and th is  was placed ih operat ion on the spectrometer
backed by two mechanical forepumps. The two pumps were simply to
hasten the i n i t i a l  roughing down of the system. One pump would be
turned o f f  a f t e r  the z e o l i t e  was a c t iv a te d  and the system had achieved
a pressure lower than the fore  l in e  .pressure. A f te r  the system had
reached a normal fore l in e  pressure the z a o l i t e  would be heated to
approximately 3OO0 C. the fo r e l in e  pressure increases ra p id ly  due to
the outgassing, but a f t e r  the outgassing the pressure would drop .back
toward the maximum forepump vacuum. At th is  po in t  the heat would be
turned o f f .  A f te r  the z e o l i t e  cooled a spectrometer vacuum of the order  
- kof  10 mm hg would r e s u l t .  A lower presame could not be achieved  
probably because of leaks in the system and not because of  the f a i l u r e  
of the z e o l i t e .  I t  was not deemed worthwhile to expend the e f f o r t  
to lower the pressure, since lower pressures were not necessary for  
operat ion  and since i t  was evident  the z e o l i t e  was doing an adequate 
job of trapping the b i 1 vapors. L i fe t im e  of the z e o l i t e  in the spectro­
meter system was not determined, because source changes occurred before  
i t  was necessary to change or r e a c t iv a te  the z e o l i t e .  I t  would be 
reasonable to expect l i f e t i m e  longer than 3 to k weeks based on ex­
perience with  the system.
A. Biondl,  Rev. Sci.  In s t r .  30. 8 3 I (1959).
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Analysis of the f i r s t  La-140 beta spectrum showed that the spectro­
meter 's  maximum magnet current  would have to be increased. This was 
necessary to extend the range of the spectrometer beyond the L a -140 
2-2  Mev Beta ray for  proper analys is  of i ts  shape fac to r  and to examine 
for  any e f fe c ts  above that  highest reported energy. Increase of the 
maximum current  was e a s i ly  achieved by a s l i g h t  m odi f icat ion  in the 
potentiometer reference port ion  of the control c i r c u i t .  The second 
La-140 beta spectrum revealed some s t a r t l i n g  resu l ts .  In the region 
of 1.6 Mev the beta spectrum begins to r ise  sharply instead of the 
expected decrease toward zero. The r is e  in the beta spectrum was a 
rapid monotonic increase beginning about 1.6 Mev and continuing  
to the maximum current  of 2 .6  Mev. Immediate checks showed the in s t r u ­
mentation to be operat ing s a t i s f a c t o r i l y  and the phenomena were repeatable .
A 1/4 in. lu c i te  beta stopper was placed immediately in f ront  of  
the detector  and i t  extended to each side of the spectrometer. A high 
counting rate  was observed instead of the expected background counting  
ra te ,  but th is  was independent of  the f i e l d  s e t t in g .  Next, a so l id  
aluminum b a f f l e  was inserted a t  the center b a f f l e  posi t ion  and the 
lu c i t e  beta stopper remained in place before the detector .  The counting 
rate  was s t i l l  high and independent of the f i e l d  s e t t in g .  Then the 
lu c i te  beta stopper was removed and the s o l id  aluminum b a f f l e  remained 
in place. The observed count rate  was a t  the expected background le v e l .  
These phenomena were in te rp re te d  as two ind iv idua l  occurrences. When 
the lu c i t e  beta stopper was opposite the detector  gamma rays from the 
strong source e jected  secondary e lectrons from i ts  surface which were 
observed by the detector .  The f i e l d  independence of these e lectrons  
could be explained by the close prox imity  of the lu c i te  to the detector
4 0
which would not a l lo w  the e le c t ro n s  to be s t ro n g ly  inf luenced by the 
magnetic f i e l d  before  reaching the d e te c to r  and by the large  extension  
of the l u c i t e  which would give the i l l u s i o n  of  an i n f i n i t e  is o t ro p ic  
Source plane to the narrow d e te c to r .
S c a t te r in g  o f  e le c t ro ns  in to  the detec tor  was thought to be the 
reason fo r  the f i e l d  dependent count ra te  increase between 1 .6  and 
2 -6  Mdv. A v a r i a b le  width opening type b a f f l e  was adjusted by eye 
to a l lo w  e le c t ro n s  w i t h in  a 20°  angle to impinge on the d e te c to r ,  and 
th is  a n t i - s e a t t e r i n g  b a f f l e  was placed approximately  one inch in f ron t  
o f  the d e te c to r .  The a n t i “ s d a t td r in g  b a f f l e  e l im in a te d  the anomalous 
count ra te  increase a t  high energies .
To achieve the optimum performance from the s o l id  s ta te  de tec tor  
i t  was mounted on a p o s i t io n in g  mechanism which would a l lo w  the p o s i t io n  
of the de tec tor  in the neighborhood of  the spectrometer focus po int  
to be a l t e r e d  by c ontro ls  outs ide the spectrometer vacuum. This p e r ­
m it ted  p o s i t io n in g  adjustments to  be made wi thout  breaking the vacuum 
and wi thout  w a i t in g  to pump out the spectrometer.  I t  is known tha t  
the focus condit ions for  a double focusing spectrometer impose a 
focusing angle o f  f 2. it radians. Measurements made p r i o r  to  removing 
the s c i n t i l l a t i o n  de te c tor  revealed tha t  the detec tor  had been some 
10° to 1^° behind the t h e o r e t i c a l  focus p o in t .  I t  was assumed that  
a s l i g h t  improvement in re s o lu t io n  and transmission could be achieved  
by p lac ing  the de te c tor  a t  the t rue  focus p o in t .
The de tec tor  was placed using the K-conversioh l in e  o f  the 
662 kev gamma from Cs-137> The p o s i t io n in g  was accomplished by a t r i a l  
arid e r r o r  procedure to f in d  the maximum counting ra te  of the K- 
conversion peak. F i r s t  the de te c tor  was posi t ioned to maximize the
k ]
counting ra te  on the peakf and then the f i e l d  was varied s l i g h t l y  in 
e i t h e r  d i r e c t io n  and the detector  readjusted i f  necessary. The resolu­
t io n  obtained was approximately 0 .6  per cent which is a s l ig h t  improve­
ment over the 0 .8  per cent reported by August on the same instrument.
CHAPTER IV 
BETA-RAY SPECTRUM 
OF LA-140
Improvement was achieved in the source preparat ion technique
whereby w e l l  def ined La-140 sources were repeatedly produced. This
46was p r im a r i ly  accomplished by the use of 0 .25  Mylar as the
backing m a te r ia l ,  by the a p p l ic a t io n  of a d i l u t e  in su l in  wett ing
47agent and by Magic Mending Tape. The u t i l i z a t i o n  o f  d i l u t e  insu l in
48is not a new technique. I t  has been reported by Langer and widely
employed throughout the f i e l d ,  but f u l l  strength in su l in  had been
pre ferred  by Shinners and Naidenko of th is  laboratory in recent years-
49 50Since th is  technique is w e l l  described in the l i t e r a t u r e ,  i t  is
s u f f i c i e n t  to note that  a 5 per cent insu l in  so lu t ion  was used as the 
wett i ng agent .
Mylar is manufactured by E. I . DuPont de Nemours and Company, 
In c . ,  Wilmington, Delaware.
47Magic Mending Tape is manufactured by Minnesota Mining and 
Manufacturing Company, 2501 Hudson Road, Saint Paul 19, Minnesota.
48 L. M. Langer, Rev. Sci.  In s t r .  20, 216 (1949) .
49 L. Yaffee ,  "Preparat ion of Thin Films, Sources and Targets ,"  
Annual Review of Nuclear Science. Vol.  12, ed. Emil io  Segre (Palo A lto ,  
C a l i fo r n ia :  Annual Reviews, In c . ,  1962) p. 162.
50
H. S la t i s ,  "Source and Window Technique," Beta-  and Gamma-  
Ray Spectroscopy, ed. Kai Siegbahn (Amsterdam: North Holland Publishing
Company, 1955) PP- 259*272.
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The use o f  0 .25  m' 1 Mylar appears to be w e l l  j u s t i f i e d ,  ra th er
than the aggravat ing manufacture o f  a p l a s t i c  f i l m ,  such as c o l lo d io n ,
zapon or LC-600. Langer observes tha t  low Z source backings of  200 
2
pg/cm produce no problems except for  extremely  low energy measurements.
This is substant ia ted  w i th  a beta spectrum of  a Y-90 source on 200 
2
pg/cm A1 f o i l  which compares from 35 kev to 2-3  Mev w i th  a Y-90
2 si
source on 20 pg/cm zapon backing. Therefore ,  the 0 .25  I Mylar
2source backing, which is approximately  500 pg/cm , should be completely
s a t is f a c t o r y  for  the measurement of the L a - 140 beta spectrum. A 
2
500 pg/cm source backing should produce no d i s to r t io n s  above 100 kev.
The L a -140 beta spectrum contains f i v e  or s ix  beta groups above 100 kev, 
and the e r ro rs  introduced by the ana ly s is  a t  th is  energy could be 
expected to approximate any backscatte r  d i s t o r t i o n s .  An e x c e l le n t  
seal and a uniform taut  covering of  the aluminum source r ing  was 
achieved through the use of a vacuum operated g r id  frame. This frame 
is p e r fo ra te d  w i th  small holes which are connected by small open channels,  
and the vacuum is obtained by a water a s p i r a to r  pump. One side of  
the aluminum source r ings is sanded smooth, and the r ing  is glued to 
the Mylar , which is held in p lace by the vacuum frame. The Mylar is 
trimmed around the r ing  a f t e r  i t  has se t .  On the smooth side of the 
source r ing  two guide l ines  have been marked which represent a center  
l i n e  perpendicu lar  to the center  l in e  through the mounting hole. A 
piece of  Magic Mending Tape has been prepared by removing a 3mm x 20mm
M. Langer, "The Measurement of  Beta Sp e c tra ,"  Proceedi ngs 
the Rehovoth Conference on Nuclear S t ru c tu re ,  ed. H. J. L ipkin  
^Amsterdam: North Holland Publ ish ing Company, 1962) p- 441.
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rectangle  w i th  a sharp razor blade. The rectangle  was drawn such that  
the narrow sides were bisected by an extended center l in e  which remains- 
The tape is appl ied  to the source backing such that the extended 
center  l in e  coincides with  the guide l ines marked on the aluminum ring.  
This tape now provides a w e l l -d e f in e d  region centered on the source 
r ing in which i t  is possib le  to contain  small drops of the source while  
i t  is evaporating. The S'™ *  20mm rectangular  source area corresponds 
to the s im i la r  sized a c t iv e  detector  area to achieve maximum e f f ic ie n c y .  
S i lv e r  pa in t  is appl ied  from the edge of the source region along the 
extended center  l in e  to the aluminum r ing  forming a conductive path. A 
few drops of the d i l u t e  w et t in g  agent so lu t ion  is spread w i th in  the 
desired region and then q u ick ly  decanted. Immediately, one or more 
drops of the La-lUO source m a te r ia l  is deposited inthe tape contained  
region, and the source is evaporated under a heat lamp whose temperature 
is c o n tro l le d  by a v a r ia b le  l in e  transformer. This procedure insures 
c o n tro l le d  evaporation w i th  no s p u t te r in g ,  and i t  is slow enough to 
permit the source to be rocked occasional ly  to insure un iform ity .
An advantage of  the tape is that  i t  permits a l iq u id  to be de­
posited in the source region forming a large drople t  held w i th in  this  
region by surface tension. The tape does not wet e a s i ly  and i ts  seal 
to the Mylar is e x c e l le n t .  No instance of seepage between the Mylar  
and tape has been observed. The r e s u l t  is an e a s i l y  obtained and w e l l -  
defined source. The tape is not removed from the Mylar since any side 
s c a t te r in g  must be n e g l ig ib le .
The La-l l*0 sources were prepared d i r e c t l y  from the stock so lu t ion  
received from the Oak Ridge National Laboratory. The L a -1^0 was in the
which had been drawn out to form small droplets  was used to deposit the 
source- Approximately 10 drops were used to prepare a source and the 
source strengths were est imated a t  500 pC.
The f i r s t  beta spectrum of  La-lUO taken in th is  study was very
perplexing-  This source was prepared from m a te r ia l  which had been
removed from the reactor  and shipped from the Oak Ridge National
Laboratory on Monday, 20 May 1363. I t  was received at LSU on Tuesday,
21 May I 963 and the beta*spectrum data accumulation was begun
Thursday, 23 May 1963- Approximately 13 hours were required to complete
the i n i t i a l  beta spectrum. Seven hundred points were taken over the
energy in t e r v a l  from 1-6 Mev to  60 kev and each point was based on
1024* counts except a t  low counting rates where 512 counts were used.
This spectrum was c a l ib r a te d  using the K-conversion l ines of the highly
converted 326 kev and U85 kev gamma rays in l a - H *0 and the well-known
K-conversion l in e  from the 662 kev Cs-137 gamma ray. A c a l ib r a t io n
check was achieved from the La-lU0 328 kev and U85 kev L-conversion
l in e s .  i t  is w e l l  j u s t i f i e d  to use the two above gamma rays in L a -140
as c a l i b r a t i o n  points in the ana lys is  of La-Ht0 since these two gamma
rays are h ighly  converted and since they have been wel l  estab l ished
52by numerous in v e s t ig a to rs .
The perp lex ing aspect was the unexpected appearance of some 
conversion l in e s .  Some of  these l ines c lo s e ly  corresponded to gamma 
rays which e x h ib i t  extremely low in te rn a l  conversion c o e f f i c ie n t s ,  i f
5 2
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53any, and they have been reported mainly by a Russian group which has
observed them by means of ex terna l  conversion. Some of these conversion
lines do not correspond to any gamma rays which have been reported in
La-140. These l ines w i l l  be discussed in order of increasing energy.
54Just above the 320(L) kev l ine  we have peaks a t  350 kev and 396 kev.
The peak a t  350 kev is in te rp re te d  to be the 400(K) kev l ine  and the
peak a t  390 is taken to be 434(K) kev and the 4 0 0 (L) kev l ines.  A
peak a t  430 kev corresponds to the 4 3 4 ( L) kev l in e .  The 400 kev gamma
55has been seen only by the Russian group using ex te rn a l  conversion, ^
56 57but the 434 kev gamma has been observed by Cork, Bolot in  and the 
Russian g r o u p * A  very weak peak a t  610 kev may be the 643(K) kev 
l i n e ,  but i t s  L-peak should be observed. A very prominent peak appears 
a t  860 kev which corresponds to the weak 903(K) kev gamma reported only 
by Prikhodtseva. ^  Another prominent peak e x is ts  a t  1.3 Mev which 
does not correspond to any gamma rays reported for  L a -140. I ts  cor­
responding L-peak was a ls o  observed in the spectrum.
^ V .  P. Prikhodtseva and Yu. V. Khol'nov, Izvest .  Akad. Nauk 
SSSR, Ser. F iz .  22, I 76 (1958).
^ T h e  notat ion 328 (L) kev means the L-conversion peak of the 
328 kev gamma t r a n s i t io n .
^ P r ik h o d ts e v a ,  Izvest .  Akad. Nauk 22 , 176 (1958)-
56J. M. Cork, e t  a j . . ,  Phys. Rev. 856 (1951)*
^ H .  H. B o lo t in ,  et_ al_-, Phys. Rev. 22., 62 (1955)-
cQ
A. A. Bashilov, ej  ^ a j . . , Izves t .  Akad. Nauk SSSR, Ser. F iz .
22, 179 (1958).
^ P r ik h o d ts e v a ,  Izvest .  Akad. Nauk 22, I 76 (1958).
^ P r ik h o d ts e v a ,  Izvest .  Akad. Nauk 22, 176 (1958).
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One or more rechecks of these anomalous peaks were conducted 
beginning some twelve hours a f t e r  the i n i t i a l  spectrum was concluded  
and c ont inu ing  during in t e r v a ls  fo r  the next 54 hours. The e a r l i e s t  
repeat  data taken revea led on ly  v es t iges  o f  the anomalous peaks, and 
subsequent data showed no p e r c e p t ib le  peaks. This is d i f f i c u l t  to 
e x p la in .  The data impl ies  th a t  the peaks were decaying w i th  an a p p r o x i ­
mate 2 hour h a l f - l i f e ,  but this means th a t  any 2 hour component contami­
nants produced in  the reac to r  would be down roughly 25 h a l f - l i v e s  
by the time these data  were taken. The v e ry  high i n i t i a l  contaminant  
a c t i v i t y  necessary to produce the anomalous peaks would be u n l i k e l y .  
F au l ty  in s t ru m e n ta t io n  could not be a f a c t o r .
I t  was decided to check fo r  a two component h a l f - l i f e  in the 
next La-140 shipment, and to  immediately  check fo r  these peaks in 
the next sample. The 40 hour h a l f - l i f e  o f  L a - 140 prevented the f a b r i ­
c a t io n  of  a second source from the o r i g i n a l  m a t e r i a l .  H a l f - l i f e  
measurements performed w i th  a s c i n t i l l a t i o n  system on the second sample 
revea led no second component of the L a - 140 h a l f - l i f e ,  and i t  confirmed  
the published La-140 h a l f - l i f e  of 4 0 . 2  hours. Nc> subsequent
samples of L a - 140 revea led  the unexpected conversion peaks or a s hor te r  
h a l f - l i f e  component. Unexpla ined and unrepeatab le  events played a 
ro le  in the i n i t i a l  beta spectrum, and no s ig n i f ic a n c e  w i l l  be a t tached  
to the data.
Before r e c e ip t  o f  the second L a - 140 sample a m o d i f ic a t io n  of the
The author  is indebted to  Mr. Donald A G a r r e t t  who measured the  
h a l f - l i f e  of  severa l  La-140 samples from three shipments.
62 N u c l e a r  D a t a  S h e e t s .
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c u r r e n t  c o n t r o l  c i r c u i t  was per formed to p e r m i t  a maximum 5 amP ou t put  
t hrough the s p e c t r o me t er .  The maximum beta  p a r t i c l e  energy  which the  
spe ct rome te r  cou ld  focus f o r  the f i r s t  spectrum was 1.6 Mev. This  
p r o h i b i t e d  the a n a l y s i s  of  the s i n g l e  high energy  beta component above
1.6  Mev. For the second source the maximum beta p a r t i c l e  energy 
which the spectrometer could focus was 2 -5  Mev, but the e le c t ro n  
s c a t t e r in g  discussed in the previous chapter hindered the a c q u is i t io n  
of  any usefu l  da ta .  A f t e r  r e c t i f y i n g  the e le c t r o n  s c a t t e r in g  problem 
w ith  a c rude ly  po s i t io n ed  a n t i s e a t t e r i n g  b a f f l e  a t h i r d  sample o f  La- 
140 was received from the Oak Ridge N at iona l  Laboratory ,  and the t h i r d  
source was prepared in the usual fashion.
Four in t e r n a l  conversion peaks in La-140 were used for c a l i b r a t i o n .  
The K-conversion l in e s  from the 0 -328 Mev, 0 .4 8 5  Mev, 0 .8 1 5  Mev and
1.6  Mev gamma rays were used. These K-conversion l ines  are w e l l  
e s ta b l is h e d  by numerous in v e s t ig a to rs  and they are prom inent ly  super­
imposed above the beta continuum as seen in F ig. 7 . The L-conversion  
peaks and previous C s - lJ 7  data served as a check ag a in s t  the c a l i b r a t i o n .  
The cu r ren t  c o n t r o l  s e t t in g s  were ad justed  to achieve a 2 . 2  Mev maximum 
energy. This t h i r d  sample was received on Tuesday, 11 June I 963 and
the data tak ing  began approx im ate ly  s ix  hours a f t e r  i t s  r e c e ip t .  The 
spectrum requ ired  30 hours to complete. Data were taken cont inuous ly  
during th is  per iod  under semi-manual o p era t io n .  Data po in ts  were taken 
a t  in t e r v a ls  o f  5 He 1ipot  u n i ts  for  a t o t a l  o f  800 po in ts  in the spectrum.  
Each po in t  in the main body of  the spectrum was based on 4096 t o t a l  
counts. A t o t a l  count of 1024 was used a t  the high energy end and 
a t  the low energy end where low count ra tes  p r e v a i le d .  The d e te c to r
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pulses from the l i n e a r  a m p l i f i e r  were v i s u a l l y  monitored p e r i o d i c a l l y  
and t h e i r  d i s t r i b u t i o n  was c lo s e ly  watched on the m ult ichanne l  a n a ly ze r .  
O ccas iona l ly  noise would block the counting c i r c u i t s ,  but these po ints  
would be repeated a f t e r  the t ro u b le  subsided.
A f t e r  the i n i t i a l  spectrum from the t h i r d  source was obtained  
numerous repeats were conducted on p o rt ions  of  the spectrum. Five 
days or three L a - 140 h a l f - l i v e s  were required  to  acqu ire  data .  These 
data were punched in to  IBM cards and fed through the data conversion  
program. The r e s u l t i n g  c o r rec te d  data formed superimposed spectra  
demonstrat ing the v a l i d i t y  o f  the data and the programming. The repeated  
p o in ts  were used to smooth out any rough sect ions e x i s t i n g ,  but  
g e n e r a l ly  the i n i t i a l  spectrum taken w i th  the t h i r d  source was used 
fo r  the a n a ly s is -
An a llowed Fermi p l o t  a n a ly s is  o f  the e n t i r e  spectrum, in c lu d in g  
conversion peaks, was processed by the computer and then i t  was 
p l o t t e d  fo r  examination as shown in Fig. 8 . A small  c o r r e c t io n  fo r  
noise peak counts passing the d is c r im in a t o r  was made in th is  data ,  
and the c o r r e c t io n  was v e r i f i e d  by close examination of the beta-  
spectrum endpoint on the f i f t h  source. The region above 1 .7  Mev was 
chosen on the basis o f  reported beta rays and by v is u a l  inspect ion  of  
the data to f i t  the high energy beta .  A shape f a c to r  p l o t ,  N ( p ) /
pWG(WQ-W) vs W, was executed, and an attempt was made to f i t  the data
2 2to the Kotani form shape f a c t o r ,  q +■ .845p + 0, fo r  nonunique f i r s t  
forb idden beta decay, ^ > ^ 4  where q j s y^- W, p i s the momenta and D is
^ T .  Kotani and M. Ross, Phys. Rev. 11^. 662 (1959 ) .
6k
K otan i ,  Phys. Rev. _1_14, 795 (1959)-
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an adjustable  constant. I t  was hoped to v e r i f y  the resu lts  of Langer
65and Smith, e s tab l is h  a shape fac to r  for the next inner beta group, 
which was expected to be a nonunique f i r s t  forbidden t r a n s i t io n  and 
to reevaluate the lower energy groups where the inconsistencies appeared 
to a r is e .  Instead, the data revealed a 2 .17  Mev endpoint energy 
f i t t e d  to a shape fac tor  given by
q2+ . 8*+5p2-  10 - ( U - l )
The endpoint is in very good agreement with the 2-175 Mev endpoint  
reported by Langer and S m i t h , ^  but th e i r  shape fac tor  contains  
0 = +10, opposed to the above 0 = -10 .  The th e o re t ic a l  implicat ions  
of a minus value are not understood, but s u p e r f ic ia l  examination of  
the theory produced no a p r io r i  reason to fo rb id  negative values.
Continuation of the analys is  based on the above resu lts  did not 
produce the next inner beta group in the neighborhood of 1.68 Mev, 
but th is  region subtracted out with  the high energy beta back to an 
energy of 1-55 Mev. The high energy beta was analyzed over th is  e n t i r e  
energy span, and the resu lts  were consistent  with  the i n i t i a l  results  
above. The f i r s t  inner group y ie lded an endpoint of  1-5^ Mev, and best 
f i t  to i t s  Fermi p lo t  was obtained with  a s t ra ig h t  l in e .
Four more beta rays were removed in a s t ra ight forw ard  fashion,  
and no attempt was made to apply a shape factor  since the s t a t i s t i c a l  
e rro rs  were of the order of any shape fac to r  c orrec t io n .  The r e la t i v e
^ L a n g e r ,  Phys. Rev. 119. 1308 ( I 960).
66
Langer, Phys. Rev. 119. 13^8 ( i 960).
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i n te n s i ty  and the r e l a t i v e  h a l f - l i f e  of each t r a n s i t io n  are included 
w ith  a summary of the data in Table I I .  A conservative estimate of  
the e r ro r  associated with  each beta ray is given in Table I I .  This 
estimate is based on the variance of the least  square f i t  to the Fermi 
plo t  of each beta group.
Table I I
Summary of L a -140 Fermi Plot  Analysis
Beta-Ray 
Endpoint
Relat i ve 
1 ntens i ty
Log 
f t - v a l u e
2 .17  ± .0 2  Mev 15 % 9-3
1-54 ± -03 Mev 24 9b 8 .0
1.3*+ *  .03 Mev 26 °/o 7 -7
1.21 ± -04 Mev 18 °/o 7-7
0 .89 i  ■04 Mev 11 7 o 7 .4
0 .50 ± .05  Mev 5 9b 6 .7
Cons i derat i on of the data shows that three beta rays, 1-54 Mev,
1.21 Mev and 0 .^0  Mev do not c lo s e ly  correspond to previously  reported  
re s u l ts ,  but i t  is noted that  each of  these beta groups are immediately 
proceeded and fol lowed by beta groups which other invest igato rs  have 
observed. The three beta rays, 2-17 Mev, 1-3*+ Mev and 0 .89 Mev agree 
w el l  w i th  the prev iously  reported beta groups. This agreement demonstrates 
the v a l i d i t y  of the data. I t  would appear th a t  i f  the data or the 
analys is  were in v a l id  then the removal from the Fermi p lo t  of the f i r s t  
beta which did not correspond to previous resu lts  would a f f e c t  the
5*+
inner group in such a fashion that no succeeding groups could correspond
to previous re su l ts .  For example, i f  the removal of the Mev
beta group from the Fermi p lo t  produces 1-3*+ Mev as the endpoint energy
of the next beta group, then i t  would be a n t ic ip a te d  that  the removal
of a 1.68 Mev beta group would re su l t  in a computed endpoint energy
d i f f e r e n t  from 1-3*+ Mev for  the next inner group. Nevertheless, i t  is
to be noted that the previously  reported data was trea ted  by assuming
l in e a r  f i t s  to a l l  beta groups, except for  that of Langer and Smith
who analyzed the highest energy beta with a shape fa c to r .  Langer and
Smi t h ^  do recognize the f i r s t  inner group a t  1.68 Mev in agreement
with  these reported re s u l ts .  The Russian group claims t h e i r  Fermi
68plo t  to be l in e a r  above 1.62 Mev and the present data c l e a r l y  re futes  
thi s .
The r e s u l t in g  r e l a t i v e  in te n s i ty  and f t -v a lu e s  given in Table I I  
imply the resu lts  are p la u s ib le .  The In te n s i ty  values for each group 
w i l l  be discussed in r e la t io n  to the gamma-ray decay scheme, but the 
re s u l t in g  values appear to be qu i te  r e a l i s t i c .  The long comparative 
h a l f - l i f e  of the 2-1? Mev beta, log f t  = 9*3> would indicate  a non­
unique, n o n s t a t i s t i c a 1 f i r s t  forbidden decay which would correspond 
to the treatment by Kotani.  The next four beta rays 1-5*+ Mev, 1.3*+ Mev,
1.21 Mev and 0.89 Mev have log f t -v a lu e s  in the range from 8 to 7 . 1+ 
which would ind icate  a nonunique f i r s t  forbidden t r a n s i t iD n ,  but with
^ L a n g e r ,  Phys. Rev. 119. 1308 ( I9 6 0 ) .
68
Bashilov, Izves t .  Akad. Nauk 18, 88 (195*+) ■
55
s t a t i s t i c a l  shape. Hence, we would expect these groups to have l in e a r  
f i t s ,  and that  is how they were analyzed. The low O.5O Mev group has 
log f t  = 6 .8  and th ere fo re ,  i t  would a lso  correspond to a s t a t i s t i c a l ,  
nonunique, f i r s t  forbidden t r a n s i t io n .  The im p l ica t ion  of the com­
pa ra t iv e  h a l f - l i f e  data is tha t  the analys is  is consis tent ,  since a l l  
the inner beta groups were analyzed on the basis of l in e a r  Fermi p lo ts .
I t  has been pointed out in Chapter I tha t  the ground s ta te  of 
La-lUO is known to be 3" and the 1.6 Mev Ce-l^O leve l  is 2+. The 
ground s ta te  of Ce-l*+0 is 0+. From the f t -v a lu e s  a l l  the inner beta 
groups were s t a t i s t i c a l ,  nonunique, f i r s t  forbidden t r a n s i t io n s  or 
Aj = 0,1 yes. Therefore, the 2-26 Mev levels  are recognized as even (+) 
sta tes .  They could be assigned values of J -  2 ,3  or k  and any gamma 
t r a n s i t io n  between these levels  would be e i t h e r  E2 or Ml t ra n s i t io n s .  
Without the b e n e f i t  of the e le c t ro n  conversion c o e f f ic ie n ts  or angular  
c o r r e la t io n  measurements more d e f i n i t e  spin assignments would be pure 
conjecture .
Gamma-ray energies of C e -1^0 were selected from the best values
69c o l le c te d  by the Nuclear Data group. The proposed La-lUO decay 
scheme is b u i l t  upon these gamma-ray data and the preceeding La-l f+0 
beta -ray  measurements. The t o t a l  d is in te g r a t io n  energy a v a i la b le  to 
the decay of La-l*+0 is known from mass d i f fe rences  to be 3*8 Mev. Thus, 
the 2 .17  Mev beta to a 1.6 Mev Ce-1U0 s ta te  is e a s i ly  substant ia ted by 
the 1.597 Mev gamma ray. The 1-5^ Mev beta implies a 2-3 Mev leve l  and 
such could be implied by the O.752  Mev and 1.597 Mev gamma-ray cascade.
N u c l e a r  D a t a  S h e e t s .
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Proceeding, the 1-34 Mev beta could go to the 2.41 Mev leve l  which would 
decay via the 0.815 Mev and 1-597 Mev gamma-ray cascade. A 1.21 Mev 
beta would require  a 2-6  Mev Ce- l40 leve l  which could be supplied by 
a 0.241 Mev, 0 .752 Mev and 1-597 Mev gamma-ray cascade. The 889 kev 
beta would lead to a 2*91 Mev Ce- l40 le v e l ,  and th is  leve l  is establ ished  
by the existence of a 2 .9  Mev gamma. I t  could a lso decay by a O.265 Mev 
and 0.241 Mev gamma-ray cascade to the 2.41 Mev le v e l ,  or i t  could go 
by the 0.400 Mev gamma to the 2 -52  Mev level  which decays by a 0.110  
Mev gamma to a 2.41 Mev le v e l .  The low in te n s i ty  O.5O Mev beta goes to 
a 3-296 Mev Ce-140 s ta te  which may decay by several possible routes;  
for  example, a 0.868 Mev, 0.815 Mev and 1-597 Mev cascade, or by a 
0.431 Mev gamma to the 2-9  Mev le v e l .
An attempt to bu i ld  a decay scheme in the above fashion resu lts  in 
e s tab l is h in g  p lau s ib le  levels  in C e-140 to s a t i s f y  each beta ray,  
but these level energies do not correspond in some cases to the desired  
energy by 50 kev to 100 kev margins. I t  a ls o  appears impossible to  
obta in an in te n s i ty  balance. The dilemna is equivalent  to the one 
faced by the Nuclear Data group when they l e f t  the low energy L a -140
beta groups dangling in the decay scheme since they were unable to
70obta in  a s e l f  consis tent  in te n s i ty  balance. In th is  respect the data 
presented introduces no new information on the decay scheme, but the 
data does suggest an unusual a l t e r n a t iv e .
The main features of the decay scheme must be b u i l t  around the 
prominent 328 kev, 486 kev and 815 kev gamma rays. The intense  
1-597 Mev gamma ray is known to come from the w e l l -e s ta b l is h e d  1.6  Mev
70
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Ce-140 s ta te .  Previous workers have always considered that these were 
s ing le  gamma rays e x i s t i n g  in the c o n f ig u ra t io n  shown in Fig. 9-
328 kev
Fi gure 9
A Previous L a - 140 Gamma-Ray C onf igura t ion
But consider the decay scheme proposed in Fig. 10. This decay scheme 
shows e ig h t  gamma rays depicted w i th  double l in e s .  These were the only  
gamma rays used to ob ta in  the in t e n s i t y  balance, since the remaining 
known gamma t r a n s i t io n s  occur in less than 5 per cent o f  the d i s i n t e ­
g ra t io n s .  The 1-93 Mev le v e l  Is assumed on the basis of the observed 
low in te n s i ty  1-9 Mev gamma ray. Thus, i t  is poss ib le  to assume a 
O.33  Mev*gamma ray to populate th is  le v e l  and another O.33 Mev gamma 
ray to  o r ig in a t e  from th is  le v e l .  Also, a 2 .0 9  Mev leve l  Is assumed 
to be populated by the 0 .8 2  Mev gamma ray and the O.5O Mev gamma ray.  
This permits th is  le v e l  to emit  a 0 .49  Mev gamma ray to the 1.6 Mev 
s ta te .  A l l  o ther  le v e ls  are assumed to be populated d i r e c t l y  by the 
beta t rans i t i ons.
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Two p a i rs  o f  the e ig h t  major gamma t r a n s i t i o n s  have energies  
s u f f i c i e n t l y  equal  to  be considered double ts .  These are  the 0 -33  Mev 
gamma-ray p a i r ,  and the O.5O Mev and O.I49 Mev p a i r .  I t  is in t e r e s t in g  
to note th a t  i f  a 0-33  Mev gamma-ray t r i p l e t  were assumed to e x i s t ,  then 
there could be a t r a n s i t i o n  between the 2 -59  Mev and 2 -2 6  Mev le v e ls -  
These le v e ls  are  e s ta b l is h e d  by the 1-31* Mev and 1.21 Mev beta groups.
I t  should a ls o  be observed th a t  the t o t a l  energy of  a 0 -3 3  Mev t r i p l e t  
would equal the energy in a O.5 O Mev double t .
The proposed 0 .8 6  Mev gamma ray which is em it ted  from the 2. *+1 Mev
le v e l  corresponds to  a 0 .868  Mev gamma ray which has been reported by
71only  one Russian group. They s t a te  th a t  i t  is a weak t r a n s i t i o n  
which occurs in a pprox im ate ly  5 P * r cent o f  the d i s i n t e g r a t ! o n s . Thus, 
the 26 per cent  i n t e n s i t y  f o r  the 0 .8 6  Mev gamma ray is too high, but  
the e x is ten c e  o f  two beta rays near 1-3** Mev could a l l e v i a t e  th is  
t ro u b le .  A l l  the minor gamma rays which have been reported by more than 
one group have been f i t t e d  in to  the decay scheme and they are  shown 
as s in g le  s o l id  l ines  in Fig.  10. The p o s s i b i l i t y  of the 1-3*+ Mev beta  
ray having complex c h a ra c te r  and being composed of  two beta rays was 
in v e s t ig a te d .  These two beta rays could be expected to  have energies  
of  1-39 Mev and 1.28 Mev which would lead to the 2*^1 Mev and 2 -5 2  Mev 
l e v e ls .  The data d id  not c l e a r l y  show such an occurrence, but the 
p o s s i b i l i t y  should not be discounted.  The beta rays would be the 
second or t h i r d  inner groups. I t  becomes d i f f i c u l t  to  resolve  two beta  
rays which d i f f e r  by 110 kev a f t e r  two la rge  i n t e n s i t y  beta groups 
have been removed.
^*Pr ikh odtseva ,  t ze v es t .  Akad. Nauk 22. I 76 (1958)*
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A summary o f  the gamma-ray i n t e n s i t i e s  from the  proposed decay  
scheme Is  p r e s e n te d  in  T a b le  111. The 1*6 per  c e n t  i n t e n s i t y  f o r  the  
0 - 3 3  Mev gemma ra y  is p r o b a b ly  to o  h ig h .  Th is  can be r e l i e v e d  by minor
Table  I I I 
Main La-H+0 Gamma Ray I n t e n s i t i e s
Gamma Ray Energy Number o f  Events per
100 D i s i n t e g r a t i o n s
P - 33 Mev i+8
0.1+3 Mev 5
0 .4 9  Mev 3V
0 .5 0  Mev 18
0. 82 Mev 16
0 .8 6  Mev 26
1.60  Mev 99
competing decays which were not considered  in the i n t e n s i t y  ba lance .
The 0 . 8 2  Mev gamna-ray i n t e n s i t y  is too low, but the e x is te n c e  of  two
beta  rays near 1 . 31* Mev could a l l e v i a t e  t h i s  t r o u b le .  The remaining
72i n t e n s i t i e s  compare fa v o r a b ly  to  repor ted  da ta .
The proposed decay scheme is ab le  to achieve the placement o f  a l l  
the minor gamma rays which have been re por te d  by more than one group.  
They were not included in the i n t e n s i t y  balance c o n s id e r a t io n  s ince  each
72 L. V. Arkhange1 ' s k i i , ej. a_l. , I z v e s t .  Akad. Nauk SSSR, 
Ser. F iz .  251 (1955) -
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of them occur in less than 5 per cent of  the d is in te g r a t io n s .  I t  is 
possib le  to place the 0 .3 3  Mev, O.5O Mev and 0 . 8 l  Mev gamma t r a n s i t io n s  
a t  one or more locat ions in the proposed decay scheme. This serves to  
i l l u s t r a t e  the complexity of  the La-l*+0 decay scheme. The p o s s i b i l i t y  
of a quadruplet  0 .33  Mev gamma ray leading to three leve ls  populated 
by a beta ray is very in t e r e s t in g ,  but i t  should be only  considered an 
extremely  remote happening.
The knowledge of  the decay o f  La-1^0 is s t i l l  incomplete. This 
in v e s t ig a t io n  d e f i n i t e l y  es tab l ished  tha t  the 2 .1 7  Mev beta ray does 
not e x h i b i t  a l in e a r  Fermi p l o t ,  but tha t  i t  is probably a nonunique 
f i r s t  forbidden t r a n s i t i o n .  This assignment is based on the large f t -
value and the Kotani form shape fa c to r  which l in e a r i z e d  i ts  Fermi p lo t .
73The nonl inear  spectrum re fu tes  the re su l ts  of the Russian group, but
Ikconfirms those of  Langer and Smith, who a ls o  f i t t e d  the high energy
beta ray to the Kotani shape fa c to r .  The shape fa c to r  di f fe re d  from
75Langer and Smith in the sign of  the a d ju s ta b le  constant .  The 
s ig n i f ic a n c e  of the opposite sign is not understood. Analysis of the 
beta spectrum was performed on an IBM 1620 w i th  s o p h is t ic a ted  Fermi 
p lo t  ana lys is  programs which divorced the re su l ts  from the pre jud ices  
of the in v e s t ig a to r .
The computer ana lys is  program produced f i v e  a d d i t io n a l  beta rays.  
Each of  these beta rays appeared to be l i n e a r .  Endpoint energies ,
^ B a s h i l o v ,  I z v e s t .  Akad. Nauk 18. 88 (195M -  
^ L a n g e r ,  Phys. Rev. 119, 1308 ( i 960).  
^ L a n g e r ,  Phys. Rev. 119, I 3O8 ( i 960).
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r e l a t i v e  in te n s i t ie s  and f t -v a lu e s  were obtained for  each. A p laus ib le  
decay scheme was proposed which depended on the assumption that  a t  
least two of the observed major gamma-ray t ra n s i t io n s  which exis ted  
were doublets. This assumption provided a reasonable in te n s i ty  balance 
consistent  w i th  prev iously  observed data. Another beta ray close to 
an e x is t in g  l ine  is suggested by the proposed decay scheme. I t  w i l l  be 
very d i f f i c u l t  to resolve the two energies, since they w i l l  be medium 
in te n s i ty  second and th i rd  inner groups.
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